AFM imaging at protein concentrations used in force spectroscopy measurements.
A 50 µl sample of protein solution (4µg/ml) was incubated on 1- (3-aminopropyl) silatrane (APS)-functionalized mica (1) at room temperature for 10 min in the same buffer that was used in the AFM stretching experiments. Images were collected with a Nanoscope IIIa MultiMode TM Scanning Probe Microscope (Veeco Instruments Inc., Santa Barbara, CA) using tapping mode with an E scanner. NP-S probes (Veeco) with resonance frequencies of 30 kHz were used. DNA, as a marker, was also incubated on the surface together with the protein solution to account for and deconvolute the widening effect of the tip while measuring the size of imaged proteins. All images were captured at a scan rate of 1.5-2.0 Hz, with 256x256 and 512x512 pixel resolution, and with scan sizes ranging from 400 to 1000 nm. Images were analyzed to determine the size and surface coverage of the proteins. Since proteins were dispersed on the substrate at a low density based on the imaging results, the probability that more than one molecule was picked up by the tip during stretching measurements was fairly low (Fig. S1 ).
Data selection and analysis
Upon initial stretching with AFM, records typically displayed fairly complex force-extension profiles because the measurements were affected by nonspecific interactions between the AFM tip and the substrate, and occasionally more than one molecule may have been picked up by the tip. However, these extra molecules were removed through repeated stretching and relaxing measurements with a gradual increasing of stretching distance. Therefore, these initial pulls were typically not analyzed (2) .
For example, we examine the stretch-relaxation cycles obtained on a fragment of β-catenin in Fig. S2 . One of the initial stretching force curves is depicted in blue in Fig.   S2A and, as discussed above, the irregular features are difficult to interpret. However, the relaxing force-curve displays a set of very clear and regular force peaks (shown in red).
The six force peaks ranging from 17 to 28 pN are fitted individually with the Worm-likechain (WLC) model, with the average contour length decrement ΔL c =15.9±1.8 nm. This length corresponds to the average number of residues in the ARM repeats in β-catenin (~44 aa * 0.365 nm/a.a). This result strongly suggests that a single molecule was captured in this experiment and individual ARM repeats refolded one by one. Interestingly, the decrease in the contour length of the protein along the WLC line # 0, preceding the first refolding peak, ΔL 0−1 = 23.5 nm, coincides with the length of ARM repeat #10, which significantly differs from the canonical ARM repeats, and with 63 residues, is the longest repeat in β-catenin (~23 nm, when fully stretched) (3). Significantly, the next consecutive trace obtained on this molecule displays a set of regular unfolding force peaks (marked in blue in Fig. S2B ), which match with the previous refolding force peaks (marked in red in Fig. S2A ). This observation suggests that the force peaks captured the unfolding of repeats that had refolded in the previous relaxing cycle. In addition, the next refolding trace obtained on this molecule overlaps very well with the first refolding trace (Fig.   S2C ), indicating that the mechanical refolding of ARM repeats is quite robust.
Similar to the previous example, we focused on the data obtained through multiple stretch-relax cycles performed on other molecules that strongly attached to the tip. These traces revealed quite regular patterns of force peaks (Fig. 1A-D , Fig. 2A -C, by protein unfolding and refolding, but by some random instrument drifts.
Refolding time estimation
We estimated an upper limit of folding times (t folding ) of individual repeats in our stretch-relax measurements from ΔX folding (nm) and stretch-relax rate, V (nm/ms), as shown in Fig. 2B , with t folding ≈ ΔX folding /V. By increasing V up to V max = 3 nm/ms, we estimated t folding to be less than 2ms for ARM repeats in β-catenin and less than 5ms for HEAT repeats in clathrin. The real folding times may be even smaller but instrument limitations and hydrodynamics effects on the AFM cantilever at higher speeds did not allow us to stretch and relax the proteins faster than V max . Figure S1 . Verification of working concentration during AFM pulling measurements by AFM imaging. A) DNA molecules were used as a reference to estimate β-catenin size and to verify if the protein remained monomeric after being deposited from the solution onto the substrate surface. β-catenin and DNA were incubated on APS mica and then images were captured in solution by tapping mode AFM. B) Dimensions of randomly selected molecules (dashed circles) were measured from AFM images and compared to their known sizes (3). C) The contact area of the AFM Biolever cantilever tip with the surface is estimated at 2000-5000 nm 2 based on the data given by the cantilever manufacturer (Veeco). Since the available area per single protein is ~4500 nm 2 , the tip would mostly contact and pick up a single protein during stretching measurements. Figure S2 . Cyclic measurement method used for selection of single molecule data by comparison of refolding traces. Stretching force curves are shown in blue and relaxing force curves in red (A) and green (B). The extension rate was 0.03 nm/ms. A)-C) Due to unexpected non-specific adsorptions or multiple molecules attached on the AFM tip in the initial pulling (A), cyclic measurement method was adopted to remove molecules until a single molecule was held between the AFM tip and the substrate (B). To verify the single molecule, two consecutive refolding force curves are compared in (C). The thin gray lines in (A) are WLC fits to the data with average contour length decrement, ΔL c = 15.9 ± 1.8 nm and average persistence length, p= ~1.5 nm. Since, ΔL c is matched with the average number of residues per repeat in β-catenin, and folding trajectories of two consecutive refolding force curves match well in (C), we can confirm that a single molecule is captured in (B). Similar method is used to select data for analysis of the length and force distributions of β-catenin and clathrin. Figure S3 . Identification of single molecule by comparing force curves from different experiments. The force-extension curves obtained from two different β-catenin molecules (A, B) were compared in (C). Since the unfolding/folding trajectories of both curves match well, these traces are the fingerprint of a single molecule of β-catenin. Stretching Figure S4 . Identification of single RNAse inhibitor (RI) molecule by comparing forceextension recordings from different experiments. The result shown in (A) was obtained from protein attached to a gold substrate and picked up by a bare tip, whereas the result shown in (B) was obtained from protein covalently linked to a PEG-NHS substrate and attached via its C-terminal polyhistidine-tag to a Ni-NTA-functionalized cantilever. Two black arrows in (B) mark subtle unfolding features captured in the recording that superimpose onto (A) with similarly spaced force peaks, as can be seen in the comparison in (C). Stretching force curves are shown in blue and brown, and relaxing force curves in red and green, while the force baseline is shown in gray. The extension rates were 0.03 nm/ms. We observed similar behavior in independent measurements on 10 different RI molecules.
